We carried out high-precision photometric observations of three eclipsing ultrashort-period contact binaries (USPCBs). Theoretical models were fitted to the light-curves by means of the Wilson-Devinney code. The solutions suggest that the three targets have evolved to a contact phase. The photometric results are as follows: a) 1SWASP J030749.87−365201.7, q = 0.439 ± 0.003, f = 0.0±3.6 %; b) 1SWASP J213252.93−441822.6, q = 0.560±0.003, f = 14.2±1.9 %; c) 1SWASP J200059.78+054408.9, q = 0.436 ± 0.008, f = 58.4 ± 1.8 %. The light curves show O'Connell effects, which can be modeled by assumed cool spots. The cool spots models are strongly supported by the night-to-night variations in the I-band light curves of 1SWASP J030749.87−365201.7. For a comparative study, we collected the whole set of 28 well-studied USPCBs with P < 0.24 day. Thus, we found that most of them (17 of 28) are in shallow contact (i.e. fill-out factors f < 20 %). Only 4 USPCBs have deep fill-out factors (i.e. f > 50 %). Generally, contact binaries with deep fill-out factors are going to merge, but it
is believed that USPCBs have just evolved to a contact phase. Hence, the deep USPCB 1SWASP J200059.78+054408.9 seems to be a contradiction, making it very interesting. Particularly, 1SWASP J030749.87−365201.7 is a zero contact binary within thermal equilibrium, implying that it should be a turn-off sample as predicted by the thermal relaxation oscillation (TRO) theory.
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Introduction
W UMa-type contact binaries are usually composed by two cool main sequence stars, where both components are covered by a common convective envelope (CCE). According to the period distribution, Rucinski (1992) found a short-period limit (0.22 days) of contact binaries. After then, some papers tried to explain this limitation: (1) the components become fully convective below a certain period (e.g. Rucinski 1992 Rucinski , 1997 Paczyński et al. 2006; Becker et al. 2011 ) so that the system becomes unstable; (2) the timescale of the angular momentum loss (AML) is much longer than the age of the universe, so that the ultrashort-period (period being around 0.22 days) eclipsing binary (USPCB) state cannot be achieved (Stȩpień 2006 (Stȩpień , 2011 . Almost fully convective structure makes USPCBs to be different from the F, G and K type contact binaries.
In recent years, many USPCBs have just been found with the exoplanet searching projects (a list with the names of these surveys was introducd by Koen et al. 2016) . Norton et al. (2011) published a catalogue of 53 ultrashort-period eclipsing binary (USPEB) candidates, while Lohr et al. (2013a) investigated the period changes of 143 USPEBs, based on the data of Super Wide Angle Search for Planets (SuperWASP). Koen et al. (2016) confirmed 29 USPEB systems being in overcontact configuration according to a preliminary Fourier decomposition analysis. A series of studies on individual USPCBs have been done in the last 5 years (e.g. Dimitrov & Kjurkchieva 2015; Qian et al. 2015a; Liu et al. 2015a; Jiang et al. 2015a) . These studies showed that most USPCBs have shallower fill-out factors (f < 20 %) indicating that USPCBs are in the beginning phase of the contact configuration. Also, some USPCBs have already broken the known short-period limitation or low-mass limitation (e.g. SDSS J001641−000925, Davenport et al. 2013; Qian et al. 2015b ). Very recently, Qian et al. (2017) made a statistics with a sample of 5363 EW-type binary stars which were determined by LAMOST based on good spectroscopic observations, finding a peak of period distribution at 0.29 days. This distribution implies that there should be many short-period contact binaries. Maybe more USPCBs can be found in this sample.
The special USPCBs that are under the critical conditions are interesting and important to understand the evolutionary boundary conditions. Therefore, we observed the following USPCB candidates: 1SWASP J030749.87−365201.7 (hereafter J030749), 1SWASP J213252.93−441822.6 (hereafter J213252) and 1SWASP J200059.78+054408.9 (hereafter J200059), with 2-meterclass telescopes. J030749 was discovered by Norton et al. (2011) , while J213252 and J200059 were discovered by Lohr et al. (2013a) . The period of these three systems are: 19584.393 s (0.22667122 day), 19114.669 s (0.22123459 day) and 17771.663 s (0.20569054 day), respectively (Lohr et al. 2013a ). In the literature and in the surveys databases, the light curves of these three USPCBs show very large scatters. So, in this paper, we analyzed these systems with our new observed high-precision multi-color light curves. We report here that the zero contact J030749 and the deep contact J200059, are such special samples mentioned above.
Observation and data reduction
The southern targets J030749 and J213252 were observed using the 2.15 m Jorge Sahade telescope (JST) at Complejo Astronómico El Leoncito Observatory (CASLEO), San Juan, Argentina. The JST was equipped with a Versarray 2048B-Princeton Instruments CCD camera at the Cassegrain focus, covering a 5×5 arcmin 2 field of view. The CCD was cooled with liquid nitrogen and a 5×5 pixel binning factor was applied to enhance the signal-tonoise ratio and to reduce the exposure times. A standard BV RI filter set was used. Thus, direct images of J030749 were acquired from November 24 to December 4, 2014, while new images of J213252 were acquired in September 11, 2015.
The new V RI images of J200059 were taken in August 1, 2016, with the 1.88 m reflector telescope at the Kottamia Observatory, Astronomy Department, National Research Institute of Astronomy and Geophysics (NRIAG), 11421 Helwan, Cairo, Egypt. A 2048×2048 pixels EEV CCD 42-40 camera was attached at the Newtonian focus of the telescope, reaching a 10×10 arcmin 2 field of view. The CCD was also cooled by liquid nitrogen. A summary of the observations can be found in Table 1 .
Bias subtraction and flat-fielding corrections were applied to the images in the standard way by means of the IRAF 1 facilities. Subsequent aperture photometry was performed to the targets and the other reference stars to get the differential photometry. The comparison and check stars for the differential photometry are listed in 
Light curves solutions
To determine the photometric elements and to understand the geometrical structure and evolutionary state of these three USPCBs, we analyzed their multi-color light curves using the latest version of the Wilson-Devinney (W-D) code (Wilson & Devinney 1971; Wilson 1979 Wilson , 1990 Wilson , 2008 Wilson , 2012 van Hamme & Wilson 2007; Wilson et al. 2010; Wilson & van Hamme 2014) .
Usually, the effective temperatures are estimated by colors. At the beginning, we estimated the T 1 (effective temperature of the hot component) based on the JHK color indexes because our targets have late spectral types (red color). The corresponding JHK magnitudes (2MASS catalogue 2 , Cutri et al. 2003) are listed in Table 2 .
The effective temperatures are computed by the method of Worthey & Lee (2011) . Then, we applied the q-searching method to find an initial q as the input parameter for the W-D code. Such q-searching grid method is just aimed to make the program to converge faster. In other words, the advantage of the q-searching method is to save computing time. The results of q-searching are displayed in Fig 2. The red crosses are the suggested values of q for each system. For the solutions, the bolometric albedos A 1 = A 2 = 0.5 (Rucinski 1969 ) and gravity-darkening coefficients g 1 = g 2 = 0.32 (Lucy 1967) were assumed, as it corresponds to a common convective envelope of both components. Square root limb-darkening coefficients were used, according to Claret & Gimenez (1990) . The adjustable parameters were: the mass ratio q; the orbital inclination i; the potential Ω of both stars; the mean temperature of star 2, T 2 ; the monochromatic luminosity of star 1. We adopt mode 3 in the 2 The online 2MASS catalogue can be found in the website of http://vizier.u-strasbg.fr/viz-bin/VizieR-3?-source=II/246/out&-out.max=50&-out.form=HTML%20Table&-out.add= r&-out.add= RAJ, DEJ&-sort= r&-oc.form=sexa.
final solutions, because every solution finally converged to that mode. In the W-D code, mode 3 is a mode for contact binaries, with the constraint of Ω 1 = Ω 2 . The systems which are in geometrical contact without being in thermal contact can be simulated by this mode.
However, all light curves showed O'Connell effects (O'Connell 1951) . The presence of cool spots on the more massive component can simulate the light curves very well, and it is supported by: i) late type stars have deep convective zones so that they have strong magnetic fields; ii) fast rotate late type stars should have stronger magnetic fields than normal (Barnes & Collier Cameron 2001; Barnes et al. 2004) ; iii) the more massive component has a deeper convective zone than the less massive one (Mullan 1975) . For J030749 the situations of the cool spots are more complicated, being supported by its I-band night-to-night variations in the light curves (Fig 3) . Three cool spots are added to simulate its light curves. One is on the less massive component and two spots are on the more massive component. So many spots on J030749 suggest that it has very strong magnetic activities. Emphatically, the longitudes of spots can be constrained exactly by the distortions in the light curves. Nevertheless, the other three parameters: latitudes, radii and temperature ratios, are not independent. A very recent study of cool spots on M dwarfs revealed that the fractus cool spots occurred at high latitudes with high frequency (Barnes et al. 2015) , according to the Doppler maps.
Finally, the light curve solutions are listed in Table 3 and the elements of the assumptive cool spots are listed in Table 4 Although our model with cool spots is probably reasonable, and in most situations the differential of results with and without cool spots is usually less than 10% (e.g. Qian et al. 2011 Qian et al. , 2013a , it should be noted that any light curve features whatsoever can be reproduced by the inclusion of sufficient numbers of carefully-tailored spots, and the precise nature of spots can only be established convincingly through a separate method such as Doppler imaging. Hence, for a comparison, we show the unspotted solutions in Table 5 , and display the corresponding simulated light curves by dashed lines in Fig 1. 
Discussion of the solutions
In this section, we will mainly discuss about the reliability of the photometric adjustments and the evolutionary states revealed by these solutions. The resulting inclinations for the three systems are greater than 75 degrees, strongly indicating that their photometric mass ratios are similar to their spectroscopic mass ratios (Maceroni & van't Veer 1996) . Hence, the photometric mass ratios of our solutions should be acceptable. The solutions also show that these three systems are in contact phase, with moderate mass ratios. However, the shortest period system J200059, has a deep contact factor of 58.4 %.
Deep USPCBs are very few. This fact is supported both by observational evidence and by theory. The 28 well-studied USPCBs (P < 0.24 day) are collected in Table 6 . In this table, the mass ratio q is uniformly calculated by M s /M p , where M s is the mass of the secondary component (less massive), while M p is the mass of the primary component (less massive). Only 4 (maybe 5) of these 28 USPCBs have deep fill-out factors (f > 50 %), while other 17 systems are shallow contact (f < 20 %). Unlike the F and G type contact binaries, none of their mass ratios are less than 0.3. Generally, shallow contact factor implies an early phase of contact. According to the thermal relaxation oscillation (TRO) theory (Lucy 1976; Flannery 1976; Webbink 1977) , the material flow starts when the primary component (donor) fully fills its Roche lobe, making the orbit shrink, and then, the secondary component (accretor) fully fills its Roche lobe too. The accretor will expand continuously while it accepts mass, making the orbit wider until the contact configuration is broken. Subsequently, the orbit will shrink again with the mass transfer from the primary to the secondary component. It forms a cycle of contact-semidetached-contact states. In these cycles, the temperatures of the two components will be similar because of the thermal exchange with the mass transfer. The fill-out factor cannot become high when the system undergoes the TRO cycle because of the existence of the contact broken phase. Therefore, TRO explains why it is such a high fraction of shallow USPCBs (17 of 28 systems). For this reason, the zero contact binary within thermal equilibrium J030749, should be in the turn-off phase of the TRO cycle. On the other hand, however, the TRO theory cannot explain the presence of the deep USPCBs with high or moderate mass ratios (e.g. J200059).
If the USPCBs reach a deep fill-out factor, a rapid orbit shrinking mechanism is required. Angular momentum loss (AML) caused by the magnetic stellar winds (e.g. Stȩpień 2006 Stȩpień , 2011 may be the mechanism. He pointed out that if there is a third body or the system is located in a dense field, it could lose a lot of AM. An excessive AML can also occur in the pre-main-sequence phase. In that time, he mentioned that these possibilities, especially the last one, are quite rare according to the observations (Stȩpień 2006) . However, some studies showed that the presence of third bodies is not very rare (e.g. Pribulla & Rucinski 2006; D'Angelo et al. 2006; Rucinski et al. 2007; Qian et al. 2013b Qian et al. , 2015b . Maybe, the few deep USPCBs in Table 6 , are formed by the rare AML way, e.g. interaction with third bodies. 1SWASP J234401.81−212229.1, which may be a very deep contact binary system, was found a putative third body by Lohr et al. (2013b) . The possibility of a third body in J200059 could not be excluded due to the low quality of the O-C diagram, although Lohr et al. (2013a) did not detect any evidence for period change in J200059. In fact, another system, 1SWASP J093010.78+533859.5 which had been not found period variations by Lohr et al. (2013b) either, could be a multiple system (Koo et al. 2014; Lohr et al. 2015) .
Global parameters correction of the ultrashort-period contact binaries
The physical parameters of close binaries are sufficiently different from single stars or wide binaries because of the strong mutual gravitational force. For example, the surface gravity accelerations of the components in contact binary systems are observably lower than those of the same masses single main-sequence stars. Hence, to obtain these parameters for close binaries independently, is very important to build an improved evolutionary model for them. It is predicted that USPCBs have a better-constrained empirical global parameter relation than that of F, G and early K type contact binaries because most of them are near the zero age main sequence and/or unevolved. This feature is good for estimating the parameters of USPCBs when spectroscopic data is lacking. Dimitrov & Kjurkchieva (2015) had already summarized a relationship between the period and the semi-major axis, based on the 14 well-studied binaries with P < 0.27 d (a = −1.154 + 14.633 × P − 10.319 × P 2 ). However, one point deviated from this relation, i.e., GSC 1387-0475. It was first investigated by Rucinski & Pribulla (2008) who obtained a spectroscopic mass ratio. Unfortunately, their photometric light curve was not of a good quality. Yang et al. (2010) observed this system again and obtained BV R-band light curves. They adopted the spectroscopic mass ratio given by Rucinski & Pribulla (2008) , and found smaller masses for the components than theirs. We assumed that this disagreement between both results is caused by the deep fillout factor. Consequently, we realized that the semi-major axis is probably over estimated with the relation of Dimitrov & Kjurkchieva (2015) when the fill-out factor is huge (e.g. f > 50 %). According to the well known Roche potential,
where r 1 2 = x 2 +y 2 +z 2 , r 2 2 = (1−x) 2 +y 2 +z 2 , q = M 2 /M 1 , xyz are normalized coordinates (with semi-major axis, A), and
is the fill-out factor definition, we computed the r side , r back and r pole with a certain fill-out factor f and mass ratio q. The effective radius is calculated by r E = 3 √ r side ·r back ·r pole . Then,
which was provided by Eggleton (1983) with an error less than 1 %. Finally, we obtained a ratio of these two normalized radii and used it to correct the semi-major axis. The corresponding results are listed in 
Conclusions
J030749 is a zero contact binary, with q = 0.439±0.003 and f = 0.0±3.6 %, placed on the turn-off phase of the TRO cycle. J213252 is a shallow contact binary with q = 0.560 ± 0.003 and f = 14.2 ± 1.9 %, under the TRO control. J200059 is a deep contact binary, with q = 0.436 ± 0.008 and f = 58.4 ± 1.8 %. It should be formed by a rapid AML mechanism. The three targets show strong magnetic activities. In summary, J030749 and J200059 are in interesting evolutionary stages. It would be worthwhile to monitor them in the future. We are also grateful to the anonymous referee who has offered very useful suggestions to improve the paper greatly. 
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0.423 assumed 0.437 assumed 0.407 assumed y 1R = y 2R 0.343 assumed 0.330 assumed 0.360 assumed Table 6 : 28 well-studied USPCBs. The red data points were observed on the night of 2014-11-24 with the I filter, while the blue data points were observed on the night of 2014-11-25 with the same filter. We add four times of P 0 (0.2266712 day) to the red points. However, this two parts of light curves do not join well. Moreover, a changing of depths of minima is clearly seen. This phenomenon could be caused by variations of the presented cool spots. 
